The Late Jurassic Walloon Subgroup (recently dated as Oxfordian) is a productive, subbituminous coal seam gas source in the Surat Basin and can be subdivided from bottom to top into the Taroom Coal Measures, the Tangalooma Sandstone, the Lower and Upper Juandah Coal Measures, which have different coal character. The lower Taroom coals are commonly thick, associated with sandstones and interpreted to form as base level is rising, creating sodden anoxic conditions for peat accumulation. The middle Tangalooma to Lower Juandah contains fewer and thinner coals, and transitions upwards from a sandstone to siltstone dominated sequence responding to inundation with the development of floodplain lakes. The strata then coarsen upward in both grain size and coal thickness in the Upper Juandah Coal Measures, which may be eroded by an overlying unit, the Springbok Sandstone. This unconformable surface is basin wide and depending on age, can be tied into global changes in climate and base level.
Introduction
Over the last decade, interest of energy companies in the Surat Basin's Walloon Subgroup as a coal seam gas source has grown significantly. While the eastern limb of this basin is well studied, there is a gap regarding the characterization of the coals in the western part of the basin and their environment of formation. Furthermore, coal stable carbon isotope analysis in order to reconstruct the conditions of peat accumulation has never been conducted on these Jurassic coals. This study investigates the stratigraphic and lateral variability in the maceral composition of the Jurassic Walloon Coal Measures, and uses organic stable carbon isotopes and fine scale lithotype logging to test existing models of peat accumulation under changing climate and base level. The Walloon coals are vitrinite-rich (62 to 91 vol. % mmf), with abundant liptinite and commonly high mineral matter content ). On a maceral subgroup level, telovitrinite is the most common constituent. Among the liptinite group macerals, suberinite, as well as cutinite is common in these coals. While some authors consider the Walloon coals to have formed in herbaceous and forest swamp environments without any periods of severe dehydration-oxidation (Khavari-Khorasani, 1987; Salehy, 1986) , there is evidence that the upper coal measures were subjected to desiccation and fires, indicated by a jump to higher inertinite content within the uppermost coals (Leblang et al., 1981; . If this is caused by changing climatic conditions, the stable carbon isotope compositions of the coals should record this. Hamilton et al. (2012) , Hoffmann et al. (2009) , and Wainman et al. (2015) 2. Background 2.1. Geological setting The subbituminous rank Walloon Coal Measures, which are part of the Walloon Subgroup, reach a maximum thickness of approximately 450 meters within the axis of the Surat Basin, the Mimosa Syncline (Cadman and Pain, 1998; Fig. 1) . The Surat Basin is a large intra cratonic basin that extends over an area of approximately 300 000 km 2 in eastern Australia and partly overlies the Permian-Triassic Bowen and Gunnedah basins. It is part of the Great Artesian Basin complex (Exon, 1976; Martin et al., 2013) .
Fig. 1: Thickness map of the Surat Basin's Walloon Coal Measures, showing subcrop of the Walloon Coal Measures and well locations (1-7). Note the measures include non-coal interburden.

Fig. 2: Surat Basin stratigraphy (modified after
The variability in coal and interburden character allows the Walloon Coal Measures to be subdivided into upper (Juandah) and lower (Taroom) coal measures ( Fig. 2 ), which are separated by a relatively barren zone (Tangalooma Sandstone). However, the Tangalooma Sandstone, as well as other individual sandstones like the Wambo, is difficult to trace throughout the basin. The coals overlie a sandstone dominated unit, called the Hutton Sandstone, which fines upward into the Durabilla/Eurombah Formation and is capped by the Walloon Coal Measures. This defines a depositional cycle within the Surat Basin, referred to as the "K-Sequence" (Hoffmann et al., 2009; Fig. 2) .
The major coal-bearing measures, the Juandah and the Taroom Coal Measures, can be subdivided into nine coal seam groups. These are also difficult to correlate regionally across the basin (Martin et al., 2013; and so are not used in this study. The Walloon Coal Measures are overlain by an erosively based unit called the Springbok Sandstone. The unconformable base is thought to represent a major, global event, as well as a shift from the transgressive to high stand systems of the coal measures to a low stand systems tract (Hoffmann et al., 2009; McKellar, 1998; Fig. 2) . It is probable that the inertinite rich seams of the Upper Juandah represent a late stage falling cycle that precedes the low stand erosion.
The age of the Springbok unconformity was thought to mark the onset of the Oxfordian, as the Walloon Coal Measures were considered to be Bathonian to Callovian in age (Exon and Burger, 1981; Jell, 2013; Martin et al., 2013; McKellar, 1998; Price, 1997; Wells and O'Brien, 1994) . However, a recent study by Wainman et al. (2015) disputes these dates and proposes
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that the Walloon Coal Measures were deposited in the Oxfordian (158-162Ma), which could have implications for interpretations of global climate cycles.
Meandering streams of varying width resulted in variable coal thickness and coal splitting throughout the Surat Basin (Draper and Boreham, 2006; Fielding, 1993; Hoffman et al., 2009) . The actual size and shape of the coal deposits and intervening channel systems are currently the subject of study (Shields and Esterle, 2015) . Individual seams can vary from 30cm to 2m or more in thickness (Esterle et al., 2013) and are laterally constrained from 500-3000m with complex splitting patterns (Ryan et al., 2012 Regionally, the proportion of thick coal and thick sandstones declines into the centre of the basin, but data are too sparse to confirm a facies shift to a more distal or lacustrine setting.
Rising base level, caused either by basin subsidence or eustacy, resulted in water logged conditions for peat accumulation in the Taroom Coal Measures, with thick coal seams at the bottom of the formation, overlain by stacked channel sandstones. A continued rise in base level is thought to have resulted in conditions that were too deep for significant peat accumulation, resulting in a relatively barren zone, the Tangalooma Sandstone that is more prominent in the north of the basin and tends to shale out southward and into the basin. Above this the thin beds of the Lower Juandah Coal Measures are considered to mark the relative maximum flooding surface. Earlier petrographic studies on Walloon coals suggest that the Lower Juandah coal seams have formed under high water table conditions (Ryan et al., 2012) , recording the highest rate of creation of accommodation space during the KSequence, whereas the Upper Juandah coals, where not eroded by the Springbok Sandstone, have an increased oxidized material content (Hentschel, 2013; Pacey, 2011; . This suggests an upwards-drying trend within the Upper Juandah Coal Measures and is consistent with the concept of a reversal in base-level rise and accommodation space, assigning the Upper Juandah Coal Measures to the high-stand system tract (HST) of the K-Sequence, but more likely representing the Late Stage Falling Cycle (LSFC). The Springbok Sandstone, which significantly incised the Upper Juandah Coal Measures in places, marks the beginning of the LST of the following L-Sequence (Hoffmann et al., 2009 ).
Palaeoclimate, isotopes and palaeoflora
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Globally, the Jurassic time period was warmer than present and sea levels were higher as evidenced by the abundance of Jurassic age marine and lacustrine source rocks (Klemme and Ulmishek, 1991) , and isotopic evidence in marine shells (Brigaud et al., 2008; _Martin-Garin et al., 2010) . This is explained by the interpretation of relatively high atmospheric CO 2 (Sellwood and Valdes, 2008) , which should be observable in the character of the coals, regardless of their paleo-latitude. Wainman et al. (2015) recently dated the Walloon Coal Measures as Oxfordian, which makes them more correlative with the middle Oxfordian establishment of a circumglobal ocean passage at low latitudes that contributed to warming at higher latitudes. This could be a reason why the Surat Basin coals were able to form in these higher latitudes, similar to peatlands in New Zealand and surrounding islands. However, increased organic carbon production and burial caused an intermittent decrease of pCO 2 , and resulted in a positive shift in stable carbon isotopes.
Several studies have shown that carbon isotope ratios in higher-plant organic matter (δ 13 C plant ) can be related to the carbon isotope composition of the ocean-atmosphere carbon reservoir especially the isotopic composition and abundance of CO 2 (Gröcke, 2002) . In the case of increased atmospheric CO 2 concentration during the Oxfordian, this could have led to increased organic carbon production and burial and as a result to an intermittent decrease in CO 2 . If this is a global occurrence, it could be reflected in a positive δ 13 C excursion in the organic matter preserved in the Walloon coals during the Oxfordian.
On the other hand, environmental factors such as decreased water availability, higher nutrient availability and temperature will also result in more positive δ 13 C plant values (Gröcke, 2002) .
Carbon isotope ratios in coal show a limited variability of only 5‰ between δ 13 C -22‰ and -27‰ and therefore are similar to the carbon isotopic composition of precursor plant material, despite extensive diagenetic alteration (Boutton, 1991) . Researchers suggest that more negative plant carbon isotope values can coincide with increased atmospheric pCO 2 , and positive excursions coincide with reduced pCO 2 , depending on the processes driving the change in carbon isotopic composition (e.g., Hesselbo et al. 2002) . However, a study by Arens et al. (2000) suggested that about 90% of the variation in the δ 13 C values of C3 plants can be linked to changes in the carbon isotope composition of atmospheric CO 2 (δ 13 C-CO 2 ), rather than the level of CO 2 . This finding is controversial but does suggest that δ 13 C plant timeseries can potentially allow correlation not only between successions of marine carbonates and shallow-water clastics but also fluvial or lacustrine successions containing fossil wood. This, however, can only be achieved over time-intervals where substantial and diagnostic variations in the marine carbon isotope curve are recorded. Whiticar (1996) showed the presence of a shift in carbon stable isotopic composition between different maceral groups in Ruhr Valley coals from Germany, with δ 13 C of inertinite > vitrinite > liptinite. Fusinitization of modern plant matter also results in the local enrichment of ¹³C as light carbon (¹²C) is preferentially released to form gases such as ¹²CO₂ A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT (Gröcke, 2002; Newton and Bottrell, 2001) . Other factors such as water stress have also been shown to influence the δ¹³C values, with reduced water availability and increased salinity and water-use efficiency resulting in more positive δ¹³C values (Birgenheier et al., 2010; Gröcke, 2002) . Teichmüller and Teichmüller (1979) proposed that coalification also leads to minor 13 C-enrichment, so these factors must be taken into account when interpreting the isotopic signature of coals.
The Walloon Coal Measures preserve indicators for a rich understorey consisting of dicksonicean, osmundacean and dipteridacean ferns, liverworts, lycophytes (clubmosses), equisetaleans (horsetails), the pentoxylacean taeniopteris and bennettitaleans (Kear and Hamilton-Bruce, 2011; Rees et al., 2000; Sellwood and Valdes, 2008) . The main canopy elements were araucarian and podocarp conifers. Growth rings in trees suggest seasonality (Kear and Hamilton-Bruce, 2011) . Species of ptilophyllum and otozamites have relatively smaller leaves and small-leaved conifers are relatively broad and flat (Gould, 1980; Jansson et al., 2008; McLoughlin and Pott, 2009 ). The woody component of the Walloon coalforming flora consisted of gymnosperms, which are relatively resistant to decay (Crosdale, 1993; Shearer and Moore, 1993) , whereas the more degraded matrix should show a combination of the understory plants, with varying degrees of degradation following the water table fluctuations and changes in climate. The influence of these communities and their successions should be reflected in the character of the coals.
This study investigates the stable carbon isotopic composition of the Jurassic coals of the Walloon Coal Measures, which preserve organic matter derived exclusively from C3 plants.
Materials and methods
A combined petrographic and stable carbon isotopic approach was used to investigate the shifts in palaeoenvironmental conditions in the Walloon coals. Geophysical logs were used to correlate different stratigraphic units in the wells. An overview of analyses conducted and the source of data used in this study are presented in table 1. 
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
Petrographic analysis
For seven study wells in the western, northern and eastern Surat Basin ( Fig. 1 ), oil immersion reflectance microscopy was conducted on a suite of handpicked block samples and grain mounts (particle top size 1mm) following AS2856-2 (1998). The block samples were selected from core after lithotype logging to observe the macerals in context with their phyterals. The grain mounts represented composites of seam intervals. Together these different types of samples were used to examine stratigraphic variation in maceral composition. A number of 500 points was counted for every sample.
Coal lithotype analysis
A vertical lithotype profile reflects the depositional conditions of the coal seam and provides information about coal composition. For the purpose of this study, the following four categories were used, according to the macroscopically recognizable components of the coals (modified after early work by Stopes, 1919 and Australian Standard 2519 1.) bright: includes the lithotypes vitrain (pure vitrain, shiny, brittle) + clarain (semi bright); 2.) dull: durain (matte, blocky, non-banded); 3.) fusain (dull, powdery, fibrous, silky lustre); and 4.) carbonaceous mudstone (mudstone rich in organic matter, brownish grey to brownish black).
In this study, the thickness of the end member lithotypes was used as a proxy for precursor plant material and degree of preservation in response to the water table. This study used a 1mm minimum band thickness to capture the thickness distribution of the bright bands as a proxy for woody plant size, to assist in interpretation of arborescent or herbaceous vegetation. Core logging had two operators: Hentschel (2013) for well 1 on the western side of the basin and Pacey (2011) for wells 4 and 5 in the east of the Surat Basin (Fig. 1 ).
Stable carbon isotopes of coal
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Coal stable carbon isotope analysis was undertaken at the University of Queensland Stable Isotope Geochemistry Laboratory. Representative samples from one well from the western limb (Hentschel, 2013) , one well from the northern limb and two wells from the eastern limb of the Surat Basin (Pacey, 2011) were analysed at the same laboratory facility, following the same procedure). An Isoprime CF-IRMS coupled to an Elementar EA was used for the determination of δ¹³C in the coal samples. Samples were measured in duplicate, with any duplicates differing by more than 0.3 per mil being repeated. The system was calibrated using international standards USGS24 and NAT76H, with all results being normalised via a two point regression (Paul et al., 2007) . All carbon isotope data are reported against the Vienna Pee Dee Belemnite (VPDB) standard in per mil with a precision of ± 0.1‰ at one standard deviation. The average inertinite content throughout all Walloon and Springbok coal samples is 3 vol. % ± 8. Inertinite macerals appear only in trace amounts within the Taroom and Lower Juandah Coal Measures, but are abundant in coals of the Upper Juandah Coal Measures (8 vol. % mmf ± 11, with rare samples 68 vol. % mmf) and the Springbok Sandstone (29 vol. % mmf ± 22), although the latter is poorly sampled.
The samples analysed in this study have high mineral matter contents, with an average of 34 vol. % ± 25 throughout all samples. By definition, 48.5% of all samples tested in this study have to be classified as shaly coals or carbonaceous shales due to mineral matter contents >30 vol. % and >60 vol. % (Diessel, 1965) . Increased mineral matter contents are not associated with any of the maceral groups and suggest that plants grew in and out of changing base levels and clastic influx.
Maceral ratios were investigated to calculate palaeoenvironment indices, such as the tissue preservation index and gelification index (after Diessel, 1986 ) and the vegetation index and groundwater influence index (after Calder, 1991) . Resulting interpretations of palaeoenvironments using these indices were conflicting, commonly driven by the ash yield or by the occurrence of the inertinite group macerals. Therefore the basic maceral data, in combination with observations of vitrain band thickness and frequency and ash yields, were used to interpret palaeoenvironments. M A N U S C R I P T ACCEPTED MANUSCRIPT Fig. 3: Maceral composition (vol. % mmf) A C C E P T E D M A N U S C R I P T
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Fine-scale lithotype logging
The thickness frequency of lithotypes for well 1 is presented in Fig. 5 . The vertical thickness distribution of lithotypes for well 1 at a stratigraphic level is shown in Fig. 6 and lithotype trends on a single seam basis together with the as-logged lithotype composition by volume per seam is illustrated in Fig. 7 .
Across all seams for well 1, bright bands are most frequently thin (1mm; frequency n=155 and 49.4%; Fig. 5 ). Thicker bright bands do occur, but are less frequent. With increasing bright band thickness, the number of counts decreases. Dull bands are most commonly thick, with a mode between 9-16mm (frequency n=112 and 26.7%; Fig. 5 ). Petrographically these dull bands are also high in detrovitrinite but have abundant liptinite group macerals, with suberinite being the most common. Therefore dullness is a function of containing finer grained matrix material that can be low or high in mineral matter content. The sub bituminous rank of the coal makes it difficult often to differentiate. Fusain lenses (proportion of 3.3% ± 3.3 across all coal intervals logged for well 1), where they occur, are most frequently thin, around 1mm (frequency n=64 and 64.6%; Fig. 5 ). The proportion of dull coal is consistently high, with an average of 73.8% ± 18.9 across all coal intervals logged for well 1. The proportion of bright bands was determined to be 22.9% ± 19.2 across all coal intervals of well 1, and these are mostly thin. Vertical trends in the distribution of the lithotypes can be observed at the seam level, and stratigraphic level.
On a stratigraphic level, an increase in the proportion of bright bands upward from the lowermost and thickest seam group (Fig. 6) within the Taroom seams can be noticed. Thereafter, the thinner seams in the upper Taroom and Tangalooma are relatively dull and vitrain bands are thin. In the Lower Juandah there is another brightening upward trend that again abruptly shifts back to predominantly dull coals. The brightening upward sequence within the Lower Taroom coals is accompanied by a mix of thick to thin bright bands, whereas the dull seams of the Upper Taroom Coal Measures and the Tangalooma Sandstone have fewer and thinner bands (Fig. 6) . The Lower Juandah brightening upward sequence is accompanied by a trend of increasing thickness of bright bands, which appear to become less frequent but remain thick. Under the microscope, these thick bands were commonly conifer wood with their characteristic bordered pits (Fig. 4e) . The dull coals are commonly higher in mineral matter, except in the Upper Juandah and Springbok where their fine grained matrix also contains inertinite group macerals. This is reflected in a higher frequency of fusain bands in the Upper Juandah Coal Measures (5% ± 1.3 across the logged coal intervals) and within the coals of the Springbok Sandstone (10.1%; Fig. 5 ). Under the microscope, the thin to thick bright bands within the lower Taroom and Lower Juandah coals commonly contained abundant suberinite, which could be interpreted as dense root mats in a waterlogged peat that help to establish a more stable environment for peat preservation (Fig. 6) . The very thick telovitrinite bands were also most commonly gymnosperm wood.
On a seam level, the three lower seams of the Taroom Coal Measures are predominantly bright (Fig. 7) . They are dominated by vitrinite group macerals, but also contain abundant suberinite. The mineral matter content is very low (0-4 vol. %). The abundance of thicker bright bands indicates a stable environment and more shrubby or arborescent vegetation, before the mire drowns again and accommodation exceeds the rate of peat accumulation.
The upper seams of the Taroom Coal Measures and the Tangalooma Sandstone are dull (Fig.  7) , have high mineral matter contents and abundant root suberinite. No significant dullingupward or brightening-upward trends can be noticed, however the proportion and thickness of bright bands is relatively low compared to the lower seams of the Taroom Coal Measures. This indicates constantly high water tables during the formation of the upper Taroom and Tangalooma seams, where clastic material gets transported into the mire and vegetation is predominantly shrubby or herbaceous.
Towards the upper seams of the Lower Juandah Coal Measures, the proportion and thickness of bright bands increases again, vitrinite and root suberinite are abundant and some brightening-upward trends can be noticed. The uppermost seams of the Lower Juandah Coal Measures, however, are overall dull or dull banded and have abundant suberinite as well as mineral matter (Fig. 7) .
Seams of the Upper Juandah Coal Measures show both, dulling-and brightening-upward. They are mostly dull, however, they are dominated by vitrinite group macerals. They differ from the underlying seams as they have increased inertinite contents and numerous fine fusain lenses, pointing towards exposure of the mire surface and more oxidizing conditions (Fig. 7) .
The Springbok Sandstone seam shows a dulling-upwards trend, but a relatively high proportion of thick bright bands within the lower part. This indicates a relatively stable environment before the system drowns. Similarly to the seams of the Upper Juandah Coal Measures, high inertinite contents and numerous fusain bands were observed (Fig. 7) . Nevertheless, a significant negative shift in stable isotopic composition occurs across the Springbok Unconformity (Fig. 6) . (Whiticar, 1996) .
Fig. 5: Gamma-and density log, vertical lithotype profile per logged interval, as well as lithotype composition per interval (%) for well 1. Triangles represent brightening-upwards (direction of
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Samples from the Taroom Pacey (2011) .
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5. Discussion 5.1. Indications for the palaeoenvironment of the Walloon Coal Measures 5.1.1. Coal type and base level changes Overall, the abundance of dull lithotypes, the thin nature of the bright vitrain bands and sparse occurrence of thick bright vitrain bands, and the petrographic abundance of detrovitrinite and suberinite, corroborate previous studies (Khavari-Khorasani, 1987 ) that palaeovegetation in the coal measures of the Wallooon Subgroup was dominantly herbaceous, with occasional shrubs or small trees, similar to a fens or marshy wetlands. Although wood can be decomposed to fine grained detritus by bacterial and fungal decay (Crosdale, 1993; Shearer and Moore, 1993) , the identification of thicker bright bands as gymnosperm wood and the thinner bands as entire to moderately decomposed roots with suberinite, suggest that the primary control on the texture and composition of the coals was compositional rather that decay.
The highest amount of liptinite macerals, in particular root suberinite, occurs in the upper Taroom and the Lower Juandah Coal Measures. Suberinite is a liptinite group maceral originating from suberin (Taylor et al., 1998) . Suberization of underground plant parts or the endodermis and cells of bark tissue involves the formation of a three-dimensional poly(phenolic) matrix, in the beginning within the carbohydrate matrix of the main cell wall. This is followed by the deposition of additional protein, carbohydrate and poly(phenolic) containing layers. These layers are often called secondary cell wall thickenings (Bernards et al., 2001) . Suberinite can be found in cork or bark, but also on the surface of roots, helping protect plants against desiccation and deleterious solutes (Taylor et al., 1998) . In roots, suberin forms in the cell walls of the exodermal cells. This structure is called the Casparian band. The formation of Casparian bands and suberin lamellae is a response to environmental conditions, either desiccation due to dry conditions, salinity, nutrient stresses or anoxia during high water levels (Hose et al., 2001) . The size of the suberinite macerals/phyterals within the Walloon and Springbok coal samples is less than 0.25 mm, suggesting the preservation of rootlets and root hairs, even if decompacted. Suberinite macerals appear in cluster-or mat-like structures (Fig. 4d) . Dense root mats in a waterlogged peat help to establish a more stable environment for peat preservation.
Relatively high total liptinite contents (up to 59 vol. % mmf) point towards a wet depositional environment of the Taroom and Lower Juandah coals, most likely limnotelmatic mires, in which trees cannot grow due to a water table higher than one metre or the growth of big trees is stunted, but especially root suberinite is well preserved. Increased mineral matter in coal, shaly coal and carbonaceous mudstone samples (on average 34 vol. % ± 25) and in particular cortex cell lumens of suberinite filled with mineral matter underpin the presence of a limno-telmatic marsh environment with high influx of detrital material.
Since petrographic block samples provide information for a certain point of time during an extended period of peat formation in the mire only, it is beneficial to conduct lithotype logging as it records changes in depositional conditions and precursor plant material over the whole timespan during which the peat forms. Despite the overall dull nature of the coals, the authors, as well as Pacey (2011) noticed cm-scale cyclicity (mostly 15-25cm in scale) on seam level in the makeup of the coals. The appearance of dulling upwards and brightening upwards trends are a result of oscillation of the water table, with brightening upwards trends representing a shift from lake to marsh and possibly slightly wooded fen vegetation, and dulling upwards sequences suggesting rising water level, reversing the cycle and drowning the peat mire (Pacey, 2011) .
The Taroom and Lower Juandah Coal Measures show inertinite contents of less than 1 vol. % mmf, but the content of oxidized material is significantly increased within the Upper Juandah Coal Measures and the Springbok Sandstone units (0-68 vol. % mmf, 10 vol. % mmf on average). Abundant inertodetrinite (Fig. 4b, c and d) , as well as fusinites (Fig. 4a) and semifusinites ( Fig. 4d) can be observed in coal samples from the Springbok Sandstone and the Upper Juandah Coal Measures.
Inertodetrinites represent most likely a windborne charcoal fraction, which, when formed by high intensity crown fires, can be transported over a radius of 20-100 km (Clark and Patterson, 1997; Clark et al., 1998; Collinson et al., 2007; Conedara et al., 2009; Hudspith et al., 2012) . The photomicrographs presented in Fig. 4a and d show fusinites with cell structure and high reflectance characteristic for fusinitized leaves. However, most of the fusinites and semifusinites seen in the samples used for this study do not show the very thin cells walls that are characteristic for pyrofusinites (Taylor et al., 1998) . Rather they are associated with telovitrinite and resulted from mouldering and desiccation in periods with decreased water availability or a lower water table (Fig. 4a and d) . Cell structure of those so called degradofusinites is poorly preserved and they are rather of semifusinitic reflectance (Taylor et al., 1989) . Degradofusinites can also form during mouldering of wood due to the work of wood-decomposing fungi, but fungal spores or signs of fungal attack were not observed within the Walloon coal samples.
Fusain lenses, which macroscopically represent fusinite macerals, are sparse and thin (most commonly 1mm; 64.4% and n=64). However, an increased frequency of fusain lenses in the Upper Juandah Coal Measures (5% ± 1.3 across the logged coal intervals) and within the coals of the Springbok Sandstone (10.1%; Fig. 7 ) was observed, supporting the hypothesis of fluctuating to dropping base level. Fusain lenses were recorded megascopically in the seams of the Lower Juandah Coal Measures as well, but on a petrographic level, samples taken from these intervals did not show any increased inertinite contents. Volumetrically, these small lenses may not have been picked up in the metre scale canister samples.
The microscopic trends in the composition of the Walloon coals highlighted in this study track the petrographic data presented in for Walloon coals from the eastern Surat Basin. The different composition of the Upper Juandah and Springbok coals compared to coals of the underlying units, suggests a reversal in water availability, from rising to consistently high to fluctuating to dropping, which would expose the mire surface and create conditions favourable for wildfires. Rising base level in an interior basin could be due to eustatic rises in sea level, or to subsidence in the basin. There is some conjecture in the Surat Basin, whether it is entirely cratonic, or pericratonic with some basin downwarping in response to tectonism (see Shields and Esterle, 2015; Wainman et al, 2015) . An integrated chemo and biostratigraphic study, coupled with sedimentary analysis by Martin et al. (2013) found evidence to support a sequence stratigraphic context for the Walloon coal measures. They found an overall upwards wetting through the Taroom Coal Measures (high suberinite contents, dull) and an upwards drying through the Upper Juandah Coal Measures (higher inertinite contents, dull), interpreting those trends as a result of fluctuating water table and mire expansion and contraction. The role of climate is discussed in the next section.
Organic stable carbon isotopes and climate
Rather than local palaeoenvironmental conditions, carbon isotope ratios in fossilized plants or wood may be ultimately controlled by global carbon-cycle perturbations affecting the whole ocean-atmosphere carbon system (Gröcke, 2002) . In this study, the isotopic composition is not responding directly to maceral composition, and therefore does not reflect local environmental factors, like oxic or anoxic conditions during the deposition, or charring of plant material. Since vitrinite reflectance only slightly increases with depth within the Walloon and Springbok coals and the shift in isotopic composition does not track this trend, rank can be disregarded as a factor influencing isotopic composition of the study samples. A change in plant community from C3 to C4 plants can also be disregarded to explain the shift in δ 13 C of the coals examined in this study, since C4 plants only evolved in the Cretaceous (Brown and Smith, 1972; Moore, 1983; Stewart, 1993; Spicer, 1991; Wright and Vanstone, 1991) . Gröcke (2002) highlights that δ 13 C in coal shows a range from -22 to -27‰ and is similar to the precursor plant material. The isotopic composition, however, can vary, depending on the plant parts that were preserved. Wood for example has a less negative stable carbon isotope composition than leaves, which is due to their different chemical composition. (Gröcke, 1998 and 2002) .
Where an excursion in δ 13 C represents a global change in the ocean-atmosphere carbon system, correlations can be made between δ 13 C terrestrial and δ 13 C carbonate , even though carbonates show a different range of approximately 2 -5‰ (Gröcke, 1997; Gröcke, 1998) .
Stable carbon isotope data for Oxfordian carbonates from the Subalpine Basin of France and the Swiss Jura Mountains show trends, which track the trends in isotopic compositions of coals observed in this study (Louis-Schmid et al., 2007) . A study by Louis-Schmid et al. (2007) describes a distinct positive excursion with an amplitude of 1.5‰ in the stable isotopic composition of these carbonate samples. A different study by Pearce et al. (2005) highlights a similar positive excursion in δ 13 C in Oxfordian fossil wood. The exact cause of this positive excursion seems to be enigmatic. However, the turning point of the excursion coincides with a change in Tethyan sedimentation patterns and a significant reorganisation of the oceanic current system (Louis-Schmid et al., 2007) . In middle latitudes, this could have caused an increase in palaeotemperature of about 5 °C and resulted in increased production and burial of organic carbon. This would have continuously removed 12 C from the ocean system and M A N U S C R I P T
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caused the positive excursion in δ 13 C (Louis-Schmid et al., 2007) . Increased rates of organic carbon burial also lead to an intermittent decrease of atmospheric pCO 2, which can be reflected in more positive stable carbon isotope compositions in plants (Hesselbo et al., 2002; Gröcke, 2002) .
A study by Abbink et al. (2001) used quantitative sporomorph data of samples from the southern Central Graben (offshore, Netherlands) and East Anglia (onshore, UK) to establish a palaeotemperature curve for the Callovian to Early Ryazanian for the southern North Sea Region. The authors detected a change in climate from subtropical and humid conditions to an aridization and stepwise warming setting after the Early Oxfordian and related the onset of this phenomenon to global palaeogeographic changes associated with the breakup of Pangea.
Similarly, the findings of an oxygen isotope study on dated oyster shells from the Late Jurassic of the eastern Paris Basin by Brigaud et al. (2008) indicate a warming trend of about 5°C for oceanic surface waters during the Early to Middle Oxfordian, which is followed by a cooling of about 7°C. Martin-Garin et al. (2010) conducted oxygen isotope analysis on shells of reef-dwelling brachiopods and oysters (Oxfordian, Tethys) to evaluate the control of climate changes on coral communities. These authors found that the Early Oxfordian is marked by a period of low to medium diversities, which were observed in coral associations in the initial and terminal reef phase. This period correlates well with a phase of average seawater temperatures of <20.3°C. Optimum environmental conditions for high coral diversity were detected in the Middle Oxfordian and correlate with an average seawater temperature between 22 and 30°C. This so-called reef climax was followed by the demise of the reefs as a result of decreasing average seawater temperatures. Both oxygen isotope studies (Brigaud et al., 2008 and Martin-Garin et al., 2010) underpin the occurrence of a warming trend, which set in in the Early Oxfordian and culminated in the Middle Oxfordian. Diessel (2010) investigated the stratigraphic distribution of inertinite in humic coals, ranging in age from Silurian to the Neogene period and tested their relation with atmospheric oxygen content and related parameters. He described inertinite contents of approximately 10% for Oxfordian coals and decreasing atmospheric CO 2 concentrations throughout that time. Furthermore, Diessel (2010) shows that atmospheric oxygen levels were about 15% during the Late Jurassic, which is the concentration required in order for wildfires to occur (Belcher and McElwain, 2008) . This matches the results highlighted in this study.
Climate is one of the two main forces driving deposition in interior basins, like the Surat Basin. In combination with tectonic processes, like uplift, the slow shift to a more arid climate during the deposition of the Upper Juandah Coal Measures, as shown by increased inertinite contents, could have triggered the reversal in base level rise and accommodation space creation, as recorded in the Walloon Subgroup sediments.
Conclusions
A C C E P T E D M A N U S C R I P T
ACCEPTED MANUSCRIPT
The Late Jurassic Walloon Coal Measures record a classic interior basin sequence (Ksequence), with the Taroom Coal Measures representing the transgressive systems tract with a constantly high base level, followed by a reversal in accommodation space creation and base level rise to relatively drier (here meant as no standing water) conditions during the deposition of the Upper Juandah Coal Measures (late stage falling cycle of the high stand systems tract). While a slow change in the Oxfordian's climate seems to be recorded by a gradual enrichment in 13 C towards the Upper Juandah Coal Measures, probably triggering the shift from transgressive to high stand systems tract, an environmental response to changing conditions seems to be delayed, with a sudden jump in coal composition to inertinite-rich Upper Juandah coals.
The maceral and lithotype composition of the coals record a transition from a wet, mostly herbaceous marsh or fen with some woody vegetation during the deposition of the Taroom and Lower Juandah Coal Measures to a more arid system during the deposition of the Upper Juandah Coal Measures. This change from a wet to a rather dry, saline system is reflected in a shift from a high proportion of telovitrinite and suberinite macerals found in the dull coals of the Taroom Coal Measures, to the characteristic inertinite-rich signature of the coals of the Upper Juandah Coal Measures, following a typical interior basin sequence culminating in the late stage falling cycle of the high stand systems tract.
The almost constantly high suberinite and vitrinite contents are interesting in this changing environment. The suberinite macerals are less than 0.25 mm in thickness, indicating the presence of roots and root hairs, which formed clusters or root mats. If the precursor plant community represents a transitional community able to persist despite the changing environment, this requires further research.
